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The trajectories of droplets   in   the air flaring past an ISACA 651-212 
a i r f o i l  at an angle of attack of 4O w e r e  determined. The collection I 

efficiency,  the area of droplet impingement, and the r a t e  of droplet 
imgingement were calculated from the trajectories and are presented  herein 
t o  cover the following range of conditione: 

* 

Variable J!kUtirmrm value Minimum value 
c 

Droplet diameter (microns) 

20 2 Chord length ( f t  ) 
35, OOO loo0 mti tude  (ft) 

Critical flight speed 150 Airplane  speed. (mph) 
100 5 

INTRODUCTION 

As part  of a comprehensive research program directed toward an 
appraisal of the problem of ice  prevention on high-speed a i r c r d t ,  an 
investigation of the Lqpingement of cloud  droplets op af r fo i l s  and other 
aerodynamic bodies has been undertaken a t  the NACA Lewis laboratory. 
The investigation  includes a study of the  extent of impingement on a low- 
drag a i r f o i l  and the r a t e  of dmplet impingement per unit area of the 
a i r f o i l  area  affected. Previous investigators have calculated  the water-. 
droplet  trajectories  for  cylinders  (references I and 2)  and for Joukowski 
airfoils (references 3 and 4).  An empirical method f o r  determining  area, 
rate,  and distribution of water-droplet  iwingement on airfoils of mbi- 
trary  sections is presented in  reference 5. The  method is more firmly 
established  for  15-percent-thick a i r f o i l s  resenibling JoukowBki airfoil 
sections  than  for low-drag a i r fo i l s ,  because the basic  data used in 

sections and only  one low-drag section. Further water-droplet  trajectory 
data =e needed fo r  low-drag a i r f o i l s  and particulaxly f o r  a i r fo i l '  

are  reported i n  the  references  cited. 

8 developing the empirical method were obtained f o r  four Joukawski a i r f o i l  

i sections  thinner  than  the  15-percent-thick  sections  for which results 
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The studies  presented i n  this  report   are  for an NACA 651-212 a i r fo i l ,  
-. 

which i s  a 12-percent-thick wing, placed a t  an angle of attack of 4'. 
The mACA 65-series  airfoil  sections  are  particularly  adaptable t o  air- I 

planes having high-level  flight  speeds. An airfoil 12 percent  thick wa8 
chosen as  adaptable to   t ransport  and cargo airplanes. An angle of attack 
of 4O was chosen as being'representative of low cruise  att i tude  for a 
turbojet-powered aircraft  operated under conditions  giving  a  relatively 
large  area of droplet. lqpingement on the airfoil. The results presented 
herein are applicable t o  the mACA 651-212 a i r f o i l  under the following 
conditions:  chord  lengths from 2 t o  20 feet;   al t i tudes from 1000 t o  
35,000 feet;  airplane speeds frdm 150  miles  per hour t o  the   c r i t i ca l  
f l i g h t   k c h  number; and droplet  diameters from 5 t o  100 microns. 

As an a i r f o i l  moves through a cloud, the  interception of the cloud 
droplets by the airfofl is dependent on the  physical  configuration of 
the a i r f o i l  and a n t h e   i n e r t i a  of the cloud droplets. In order to   obtain 
the  &ent of impingement and the   ra te  per unit area of droplet impinge- 
ment on an a m o i l ,   t h e  cloud droplet  trajectories  with  respect t o  the 
a i r f o i l  must be  determined. The different ia l  equations that describe 
the  droplet motion have been stated  in  reference 2 and are  presented 
here in   in   - the  foUaring form: 

where 

and 

(Al l  synibols are  defined in appendix A.) The dimensions of the  free- 
stream  velocity u in equation (2) are feet per second in order that 
the dimensions of the  other  variables in the equation be coneiatent with 
the  definitions  given in the l is t  of symbols. 
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The differential  equations (I) state that the   mt ion  of a droplet is 
governed by the  drag  forces -sed on the  droplet by the   re la t ive   mt ion  
between the  droplet and the air m o v h g  along the streamlines around the  
airfoil. The droplet momentum tends t o  keep the  droplet moving in a 
straight  path,  while  the drag forces  tend  to  force  the  droplet t o  follow 
the  streamlines. For very s m a l l  droplets and slow speeds, the momentum 
of the  droplets paral le l  t o  the direction of the free-stream motion is 
smal l  and the drag forces are large enough that l i t t l e  deviation from the 

I 

N streamlines  occurs; whereas for  large droplets and; high speeds, the 
w 
cn P momentum i s  great enough t o  cause the  droplets t o  deviate from the 

streamlines. In accordance with equations (1) and the  definit ion of the 
=meter IC Fn equation (2 ), fo r  a given  size a d  configuration of a i r -  
foi l ,   the   t ra jector ies  depend on the radius of the droplets, the air- 
speed; and the  a i r   v iscosi ty  as first-order  variables. The trajectories 
also depend on the physical  configuration of t he   a i r fo i l  and its angle 
of attack, i n  that these t w o  variables  aetermine the magnitude of the 
coqponent velocities of the a i r  u i  and uy everywhere i n  the flaw 
field . 

The component air velocities were determined by a vortex  substitution . 
7 method that requires a knowledge of the  pressure  distribution on the 

z * tunnel data taken at the Ames laboratory. The method f o r  calculating the 
surface of the   a i r fo i l .  The pressure  distribution was obtained f r o m  wind-  

local  perturbation  velocities in the two-dimensional Incompressible  flow 
f i e ld  ahead of the airfoil is described i n  part i n  reference 6 and is 
presented mre fully in append3-x B. The computations w e r e  performed with 
electronic  calculating machines erqploying punched cards. An  incompress- 
ible flow field was -obtained w i t h  the vortex s ~ s t i t u t i o n  m e t h o d .  Pre- 
liminary  calculations  showedthat the effect  of compressibflity of air 
on the  trajectories of droplets w a s  not a first-order  effect up t o  the 
c r i t i c a l  &ch number of the airfoil. Because of these  preliminary  cal- 
culations, the results presented herein are applicable up to   t he   f l i gh t  
c r i t i c a l  &ch nuniber. 

The more important assmp€ions that have  been necessary i n  order t o  
solve  the problem are: 

(1) A t  a large  distance ahead of the airfoil  (free-stream  conditions) 
the  droplets  mve with the same velocity as the air. * 

(2) The droplets me always-spherical and do not change inesize. 

(3) No gravitat.ional  force  acts on the droplets. 

e 
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The differential  equations of motion (equation (1) ) are difficult 
to  solve by ordinary  mans because the  values of the  velocity coqponente 
of t he   a i r  and the t e r m  containing the coefficient of drag are not known 
unti l   the   t ra jectory is traced. These values  are determined as the 
trajectory of a droplet i s  developed  because the magnitudes depend on 
the  position of the droplet i n   t he  f low f ie ld .  Simultaneous solutions 
for   the two equation8 w e r e  obtained  with  the uBe of a  mechanical analog 
constructed a t   t he  Lewis laboratory fo r  t h i s  p w o s e .  The answers were 
obtained in   t he  form of plots of the droplet  trajectories  with  reepect 
t o  the a i r f o i l .  The coefficient of drag CD f o r  the droplets,  required 
i n  equations (l), was obtained from tables i n  references 2 and 3. 

The equations of motion (equations (1)) were solvea fo r  the following 
six values of the pazameter K: 1/300, 1/50, 1/10, 1/5, 1, and 2. For 
each value of' the parameter K a series of trajectories waa computed 
f o r  each of three value8 of free-stream Reynolds nuniber  Reo (16, -256, 
and 1024). (A graphical procedure for interpreting the dimensionless 
parameters used in this  report  in terms of airplane speed,  chord length, 
altitude, and droplet  size is presented i n  appendix C . )  Ehch series of 
traJectories encoqpassed the   a i r fo i l  with a trajectory that was tangent 
t o  the upper surface of the airfoil and with a trajectory  that  was 
tangent t o  the lower surface of the   a i r fa i l .  . T h e  upper and lower tangent 
trajectoriee  started at free-stream  conditions at   distances yo,u and 

respectively, below the geometric  chord l i ne  of the airfoil 
(fig.  1). m e  geometric  chord l i n e  of the a i r f o i l  is oriented to coincide 
w i t h  the  x-axis of the  rectangular  coordinate system, and the leading edge 
is  placed at   the   or igin of the coordinates. A t  an infinite  distance 
ahead of the  a i r fo i l ,  the unifbrm air flow carryFng the cloud droplets i s  
assumed t o  be  approaching the   a i r fo i l  from the  negative  x-direction a t  an 
angle of 4' with respect t o   t he  geometric  chord l ine.  All distances axe 
dimensionless  because  they are   ra t ios  t o  the   a i r fo i l  chord length L, 
which i s  assumed t o  be  the unit of distance. 

yo, 2 ,  

L 

1 

Before the  integration of the  equations of motion could  be performed 
with  the analog, the initial velocity and acceleration of the  droplets 
had t o  be  determined. As postulated in the  assuqptions, at an infinite 
distance ahead of the airfoil, all the  droplets have ver t ical  and hori- 
zontal ccmponents  of velocities that axe the 8- as those of the  free- 
stream air. A t  f inite  distances ahead of the leading edge of the 
airfoFL, the droplets have velocity components and positions varying 
between those  pertaining t o  the  free  stream and t o  the  streamlines. At 
5 chord lengths ahead of the a i r f o i l ,  the a i r  streamlines were found t o  
deviate from free-stream  conditions by less than  the expected  accuracy 
of the analog; therefore th i s  point was  assumed t o  be a safe  poeition D, 

t o  assign  the .initial conditions to  the.   droplets  as being  those of the 

m 

. ". 

r 
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a i r  streamlines. Because  the time  required t o   t r a c e  each traJectory 
from 5 chord lengths ahead of the airfoil up t o   t h e  airfoil surface was 

ahead of the airfoil leading edge. The starting  conditions at 1 chord 
length ahead of the  leading edge were determined for  each of the  six 
values of K studied by calculating a sarngle trajectory that st&ed 
at x = -5. A prwmiaary study  shared that while a droplet is 
approaching a position 1 chord length ahead of the a i r f o i l ,  the  amount 
of deviation of the droplet trajectory from t h e   a i r  streamline on which 
the  droplet had started depends only on the  value of K and not on the 
starting  value of y at x = -5, provided the value of y is  within 
the region.of interest i n  this problem. Because the sample trajectories 
f o r  each  value of K studied were calculated from x = -5 t o  x = -1 
in order t o  determine the staxting  values of droplet  velocity and y- 
ordinate at x = -1, the final reaults w e r e  the same as if each trajectory 
w e r e  calculated from 5 chord lengths ahead of the airfoil leading edge. 
A study d s o  revealed that the assignment of either free-stream or 
streamline  values to   the  droplets  at x = -1 was not sufficiently 
accurate, because the  t ra jector ies  from 1 chord length ahead of the air- 
fo i l   sur face  are very  sensitive t o  smal l  vmiat ions  in   the  droplet  

f o i l .  

I prohibitive, the plotting by the analog w a s  started at 1 chord length 

co w El 

.1 velocity  starting  conditions  assigned at 1 chord length ahead of the  air- 

The series of trajectories computed for each combimtion of values 
of K and R e o  studied permits the ev-aluation  of the area,  the  rate, 
and the  distribution of water-droplet impingement on the mAcA 651-212 
a i r f o i l  section at an angle of attack of So.' The tangent  trajectories 
determine the area, or  extent, of hgingenent. A l l  droplets having 
t ra jector ies  between the  tangent  trajectories will strike the   a i r fo i l ,  
whereas a l l  droplets ha,- t ra jector ies  not b o d &  by the  tangent 
t ra jector ies  w i l l  miss the   a i r fo i l .  The tangent  trajectories a lso deter- 
mine the   r a t e  of over-all  droplet  hpingement,  because  the amount of , 

water-droplet  hgingement on the w h o l e  wing is governed by the spacing 
of the  tangent  trajectories  (yo,u -  yo,^, f ig .  1) at E k g e  distance 
ahead of'   the a i r f o i l  where the cloud is uniform. The m a ~ e r  in which a U  
the   droplets   col lected  are   dis t r ibute  over the area of hpingement, i s  
determined by the  behavior of those  trajectories that axe bounded by the 
tangent  trajectories. 

The results  are  often  presented herein aa functions of the param- 
eter K. The paxaneter K has been called  the inertia parameter, 
because i t s  magnitude direct ly  reflects the  external force  required on 
a drople t   to  came a deviation from its original line of mtion.  For 
W g e  values of IC (that is, K > 1) which correspond, for example, t o  
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droplets larger than 50 microns i n  diameter mxhg toward a 6-foot-chord 
a i r f o U  a t  400 miles per bur, the  droplet  trajectories  deviate by only 
s m a l l  amounts from straight lines. For  value8 of K less than 1/50 which I 

correspond, for example, to  droplets  less  than 1 2  microns i n  meter 
moving at less  than 300 miles p.er  hour toward a.n airfoil   section  with a 
12-foot chord, the  droplet  tradectories more nearly  coincfde  with  the 
air streamlines. 

w 
N 

I" 
VI The results are a l s o  often  presented i n  terms of the scale parameter 

where L and a must be i n  the same units. m e  parameter $ is cal led 
a scale parameter,  because a t  any given al t i tude the value of + varies 
direct ly  as the   ra t io  of the a i r f o i l  chord length t o  the droplet  size. 
For a tapered win@;, the  parameter permits the direct evaluation of 
the  amount of spanwise droglet impingement on the wing, because the 
ent i re  wing is  subjected t o  droplets of the same s ize  and to the  13- air 
and mter densities. The chord length is  the only spanwise variable 
appearing i n  the scale parameter. For each section of span considered, 
t h e  taper mustbe small  enough thattwo-dimnsional flow Over the section 
is approximated. The scale parameter also permits a direct  compazlson 
of the  impingement that can be  expected on an a i r f o i l  passing  through 
numerou~ cloud6 each composed of droplets .-uniform i n  s ize  i n  each cloud 
but  varying i n   s i z e  from one cloud to  another. 

. 

Rate of w a t e r  interception. - In flight the t o t a l  rate of water 
interception,  in pounds of w a t e r  per hour per foot of w i n g  span, is deter- 
mined both-by the droplet  trajectories and by the  meteorological conit-I, 
t i om.  'Phe l iquid-water  content, i n  grams per cubic meter, and the 
droplet s ize  are the Fmportant meteqrological_conpitiona. . T h e  speed 
the  s ize  of the   a i r fo i l ,  as well as the  droplet  size,  affect  the  tangent 
droplet  trajectories, which determine the droplets that strike the 
a i r fo i l .  The t o t a l   r a t e  of water interception per unit span of the air- 
foil on that portion p w h e  airfoil surface. bounded by the  upper and the 
lower tangent  tradectories  (fig. 1) can be  calculated from the informa- 
t ion   in  figure 2 and the following relation: 

where the f l i gh t  speed U i s  i n  miles per hour. Figure 2 i s  a plot of 
the spacing between the upper md the lower tangent  trajectories at free- 
stream conditions as a function of the reciprocal of the   iner t ia  paran- 
eter . 
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5 e  r a t e  of water interception is decreased as 1/K is increased, 

particularly f o r  values of 1/K larger  than 1. An Increase in Reo 

and Reo = 187 represent  the  conditions  for an a i r f o i l  with 8 12-foot 
chord traveling a t  400 m i l e s  per hour through a cloud composed  of 
droplets 17 microns in diameter at  an al t i tude of 10,000 fee t .  The 
corresponding  value fo r  yo,u - yo; required for equation (5) is 0.022. 
E the same a i r f o i l  is considered in f l i g h t   a t  200 miles er hour 
(droplet.  size .and altitude  not  varied),  the  values of and Reo 
change t o  42 and 94, respectfvely, and the  value of yoYu - yo,a changes 
t o  0.016, a decrease of 27 percent. The decrease in ra t e  of water 
impingement (equation (5) ) is 64 percent. "he effect  of speed on the 
r a t e  of water impingement is large, because the  spacing between the two  
-ent trajectories is affected  by  the speed and the speed  appears 
direct ly  in equation (5). 

c also decreases the rate of water interception. me vdues of I/K = 2 1  

The variation of ra te  of mter fnterception  with airfoil speed is 
summarized for  an al t i tude of 20,000 f ee t  in figure 3, in which the 
ordinate Wm/w is the  total  rate of water imphgement per  foot span of 
a i r f  o i l  per unit liquid-water  content  (g/cu m) in the cloud. The t o t a l  
r a t e  of water impingement can be  obtained as a product of the results in 
figure 3 and the  liquid-water  content  existing fn the  cloud.  Several 
chord lengths ranging Fn value from 2 f e e t   t o  20 f ee t  have been considered 
in figure 3. The values in figure 3(a) are for  flight through a uniform 
cloud c m o s e d  of droplets 15 microns in diameter; and in figure 3(b), 
f o r  20 microns fn diameter. As is sham herein,  the  effect of a change 
in al t i tude is a second-order variable;  therefore,  the  results of fig- 
ure 3 are  applicable over a wide range of alt i tudes.  

Collection  efficiency. - The collection  efficiency of an a i r f o i l  
has been defhed  (references 3 and 4) as the r a t i o  of the amount of water 
intercepted to  the amount of water o r i g i n a l l y  contained in a volume of 
cloud swept out by the a i r f o i l  when a t  zero gemetric angle of attack. 
The collect  ion  efficiency f 

(Yoyu - Yo,2) cos a 
E m =  T 

is presented in figure 4 as a function of the scale parameter $. The 
preceding  definition of collection  efficiency  permlts a value of collec- 
tion  efficiency  greater  than 1 f o r  infinitely  large  droplets when the 
airfoil is at  an angle of attack  other 'than zero. The t o t a l  rate of 
water interception can also $e  found in terms of the  collection  efficiency 
given in figure 4 f o r  the 6S1-212 a i r f o i l  from the  relation 
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W, = 0.329 TL-UW 

where U i s  fn miles  per  hour. 

The value of the collection  efficiency  decrease6 w i t h  increasing 
values of the  ecale parameter f. A t  constant altitude, an increase in 
Jr is equivalent t o  an increase in the chord length with  the same size 
droplets  or  equivalent t o  a decrease in the  droplet  size  with  the E a n e  
a i r f o i l  chord length. The effect of WFng taper  can easily be obtained 
from the results of figure 4. For an a i r fo i l   wi th  a 12-foot chord at 
the root  section and a 3-foot  chord a t  the  t ip  section,  the  scale param- 
eter $ changes from 1675 a t  the  root   to  419 a t  t h e   t i p  when the air- 
f o i l  i s  moving st 400 m i l e s  per hour a t  an a l t i tude  of 30,000 f e e t  
through a cloud composed of droplets' 17  microns in diameter (Reo P 90) . 
The collection  efficiency  increases from 0.19 at the   root   to  0.42 a t  the 
t i p  of the   a i r foi l .  Although the collection  efficiency a t  the  root is 
19/42 as large as tha t  at the  t ip ,   the  amount  of water impinging on the 
root  section is 1.8 times the amouzlt impinging on the  tip  section  became 
the  root  section is four  tlmes as large a8 the  t ip  section  (equation  (6)).  

The collection  efficiency  for  the NACA 651-212 a l r f o F 1  is compaxed 
i n  figure 5 with  the  collection  efficiencies of a Joulrawski a i r f o l l  and 
an NACA 652-015 airfoi l ,   both of which are symmetrical and 15 percent 
thick, a t  &11 angle G f  at tack of 4'. The collection  efficienciee  for  the 
Joukowski and NACA 652-015 a i r f o i l s  were obtained from reference 5. The 
651-212 a t r f o i l  has a higher  collection  efficiency, in general,  than the 
15-percent-thick  symmetrical a i r fo i l s ,  except f o r  a portion of the  curve 
a t  the  lowest Reynolds amber studied. The difference in collection 
efficiencies between the   a i r fo i l s  of two thicluleeees becomes greater f o r  
the lower range of E, and large  values of 9, which correspond t o  
cordbinations of large values of chord length with -1 droplets. The 
higher  collection  efficiencies of the NACA 651-212 a i r f o i l  may be a t t r i b -  
uted  to  the  fact  .thad! the 651-212 a i r f o i l  i s  thinner and has a sharper 
leading edge than the.  other two airfoil-s a n d . i l s o .  .has a slight  cmber. 

A comparison of the  collection  efficiency between the 651-212 air- 
foil asd the two symmetrical a i r f o i l s  ie also tabulated i n  table  I for  
several  conditions of speed, alt t tude,  chord length, and droplet  size. 
With all three  a i r foi ls   the   effect  on collection  efficiency of a change 
in   a l t i tude from 10,000 t o  30,000 f e e t  is found t o  be small except  for 
the  conditions  involving  droplets  larger  than 40 microns in diameter. 
The effect  of al t i tude can be found from table  I by a comparison of 
alternating rows. . .  



* 
The effect of altitude on the amount of water.impingement  can a l s o  

be studied from the results presented in figure 2. The values of 

a =-foot chord traveling a t  400 miles per hour through  a  cloud composed 
of droplets 17  microns in diameter a t  es al t i tude of loo0 feet. An ' 

increase in al t i tude from lo00 feet t o  30,000 feet  decreases  the v a l u e s  
of Reo t o  92 and 1 / K  t o  19 -7 (speed,  chord length, and droplet  size 
are  not changed) . The v a h e  of yo,u - yo, 3 change6 from 0.021to 
0.023, o r  an increase of 9 percent. The effect  of moderate  changes in 

content of the  cloud are seldom known with  accuracy  sufficient  to  permit 
the rate of w a t e r  collection t o  be  calculated  within 10 percent  accuracy. 

9 1 /K = 21.8 and Reo P 325 represent the conditions f o r  an a f r f o i l  with 

e\, w 
P 
a .  al t i tude may be  ignored,  because  the  droplet  size and the  liquid-water 

The effect  of a change in droplet  size on the  collection  efficiency 
is exemplified by a comparison of row 9 w i t h  row U. in table I. A 
change in  droplet   size from a diameter of 50 microns t o  a diameter of 
5 microns reduces  the  collection  efficiency  for  the NACA 651-212 a t r f o i l  
from 0.68 t o  0.10. For th i s  example, the  alt i tude was assumed t o  be 
10,000 feet ;   the  flight speed, 400 miles  per hour; and the chord length, 
3 f ee t .  

Extent of impingement. - A knowledge of the  extent of imgingement 
is necessary  for  the  design of anti-icing equipment. The extent of 
3qpFngement is determined  by  the  point of tangency on t he   a i r fo i l  of 
the  tangent  trajectories. The farthest   points of impingement on the 
upper surface are sham in figure  6(a); and those on the lower surface, 
in figure 6(b). The extents of impingement fo r  the 651-212 a i r fo i l   a r e  
a lso  l i s t e d  in table I for some flight and operating  conditions. The 
distances Su and S2 are measured on the  surface from the point of 
intersection of the geometric chord line with  the  leading edge (fig. 1) 
in terms of the chord length. 

The extent of imgingement a long  the upper and lower surfaces is 
summarized in figure 7 for  the SF speeds,  chord  lengths,  droplet  sizes, 
asd alt i tude  as given in figure -3. The extent of impingement on both  the 
upper and lower surfaces  increases  with  increasing speed and wfth 
decreasing chord length. It is much greater along  the lower surface than 
along the upper surface. As an example, fo r  an a f r fo i l  with a 12-fmt 
chord traveling a t  400 miles  per hour through a cloud composed of droplets 
17 microns in diameter at an al t i tude of l0,OOO feet  (Reo = 187 and ' 

Q = 3590), the  ra t io  of the  extent of impingement t o  the chord length on 
the upper surface is 0.013 and on the lower surf ace is 0.09 ( f ig  . 6) . 

Cumulative collection  efficiency. - The cumulative collection effi- 
ciency  for any trajectory  intermediate between the upper and. the lower 
tangent  trajectories  (fig. 1) may be  defined as 
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The droplet impingement between the lower tangent  trajectory and any 
other  trajectory is shown in  f igure 8 as a ra t io   to   the  maximum impinge- 
ment. The r a t i o   i s  

The  amount of water impinging on the   a i r fo i l  between the  farthest 
point of impingement on the lower surface and any other  point of  impinge- 
ment on the  surface may be  found from the curves of figure 8 and the 
relation 

If a 12.5-foot-cPlord a i r f o i l  were traveling a t  400 miles  per hour at an 
altitude of 10,OOO f ee t  through a cloud  canposed of droplets 25 microns 
in diameter (1/K = 10, Reo = 256, J, = 2540), the ratio of the 
farthest  point of impingement t o  the chord length on the lower ~ur face  
is 0.14 ( f ig .   8 (b) ) .  The amount of water  impinging between the 0.14 
point and my  other  point, such as the 0.04 point an the lower surface, 
is found by substituting  into  equation (9) the  value of E/% for  
S =I -0.04 and 1/K 3-10 obtained frm figure B(b) ( E A  = 0.24). The 
value of E, required Fn equation ( 9 )  is obtained from figure 4 

(Em = 0.23). For the   a i r fo i l  in the  preceding example, 24 percent of 
the  total  water Wm impinges between the 0.14 and the 0.04 points on 
the lower surface. For the same example, 84 percent of the t o t a l  water 
Wm impinges on the lower surface of the airfoi l .and 16 percent, on the 
upper surface. In the  limiting  case of infinitely  large  droplets 
(1/K = 0) 65 percent of the  total  water impinges on the lower surface. 

The effect of varging free-stream Reynolds number 011 the cumulative 
collection  efficiency can be  determined from figure 9 .  Figure 9 is also 
presented as an aid in the  interpolation of results  intermediate t o  the 
free-stream Reynolds nrnnbers given. 

l iquid  s ta te  OT on the  principle of complete evaporation of the imprzlging 
water, a howledge of the local ra tes  of water imphgement is required. 
The local  rate of droplet impingement per  unit  area of airfoi l   surface 
can be determined fram the  expression 
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The values of p as a function of the 
figure 10. These values were obtained 
figure 8 by  the  relation 

a i r f o i l  distance S are given in 
from the  slopes of the  curves in 

- yo,4 

In c y c l k a l  t h d  de-icing systems a spanwise par t ing  s t r ip  is 
usually located  near  the a i r  stagnation  line, which is located  a t  
S2 = 0.008 for the a i r f o i l  .considered  herein. The maximum r a t e  of local 
impingement coincides  very  nearly  with  the  proper  location of the  parting 
s t r ip   ( f i g .  10). 

The data presented in  figures 2 t o  10 apply  direct ly   to   f l ights  in 
clouds composed of droplets   that   are   a l l  uniform in s h e .  The water 
droplets in a  cloud, however, are not  necessarily uniform in size;  the 
extent of imgingement is always  determined by the  lmgest  droplets in 
the cloud. The local rates of bpingement are determined  by the  droplet- 
size  distribution  patterns  present in the cloud.  For flights in clouds 
composed of droplets that are not uniform i n  size,  the j3 curves of 
figure LO m u s t  be   a l tered  to  conform with  the weighted basis of the 
droplet-size  distribution. 

CONCLUDING IZEMARICS 

Water-droplet trajectory data for  an HACA 651-212 a i r fo i l   & .an  angle 

of attack of 4' w e r e  calculated, and the  collection  efficiencies, impinge- 
ment areas, and rates  of impFngement  were evolved f r o m  the calculations. 
A graphical  procedure .is presented t o  aid Fn the  interpretation of air- 
plane speed,  chord length, alti tude,  and droplet  diameter in terms of the 
dimensionless  parameters  used in the  trajectory  calculations. The rela- 
t ively simple methods of- solution w i l l  a9f ord  engineering data that were 
heretofore  unavailable f o r  the  design of systems  used in the  protection 
of airfoils  against  ice  formations. 

L e w i s  Flight  Propulsion  Laboratory 

Cleveland, Ohio 
National Advisory Committee f o r  Aeronautics 
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The following synibols are used in this  report: 

droplet radius, f t  a 

cD 

cP 
d 

&ag coefficient  for  droplets 

pressure  coeff lcient ... 

droplet di,ameter , microns (3. 28X10'6 f t) 

collection  efficiency, based. on maximum thickness of a i r f o i l  E 

2 pw a2U 
inertia parameter, g , where U is in ft/sec,  dimensfonle~s 

I-IL K 

L 

M 

P 

Re 

r 

a i r f o i l  chord length, ft 
free-stream Mach  number 

absolute  pressure, in. Hg 

Reynolds number w i t h  respect  to dralet- ,  2a pa v/p 

distance from an'element- of the  vortex sheet t o  a point in the flow 

- 

f i e ld ,   r a t io  to chord length 

S distance from chord line measured on surface of airfoil, r a t i o  t o  
chord length 

T 

Ta 

t 

U 

maximum airfoi l   th ic lmess,   ra t io   to  chord length 

most probable'  icing  temperature  (fig. 14), R 0 

time, sec 

flight speed or free-stream velocity, mph or f t /sec as noted 

local  air velocity,   ratio to free-stream  velocity U 

V local  droplet   velocity,   ratio t o  free-stream  velocity 
- 
V local  vector  difference between velocity of droplet and velocity of 

a i r ,   f t / sec  . . . . . . .  . . -. . . . . . . . . . . - . . " 
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4 

W 

W 

cu a E B 
r 

T 

Ik 

rate of water impingement, lb/(hr) (f t span) 

loca l   ra te  of water hpingement, lb/(hr) (sq f t )  

liquid-water  content in cloud, g/cu m 

rectangulm  coordinates,  ratio  to chord length 

angle of attack, deg 

impingement factor ,  dimensionless 

vortex  strength,  dimensionless 

r a t i o  of specific  heats, 1 .4  

viscosity,  slugs/(ft)  (sec) 

coordinate  points on a i r fo f l ,  r a t i o   t o  chord length 

density, slugs/cu ft 

time scale tU/L, where U is in ft/sec, dimensionless 

scale  pwameter, - 9L pa = - - dimensionless 
pw K' 

Subscripts : 

0 

a 

a 

m 

8 

U 

V 

4 W 

X 

Y 

free  stream 

air 

lower a i r f o i l  surface 

maximum 

a i r f o i l  surf ace 

upper airfoil surface 

vortex 

water 

horizontal component 

ver t ical  component 
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APPENDIX B 

METHOD USED TO CALCULATE INCoE4pRESSlB~ 

t 

The velocity  at  the  surface of. an airfoil can be  determined frm a 
knowledge of the  pressure  coefficient Cp and the  free-stream Mach 
number M w i t h  the   a id  of the following .expTeG-siob: . .. - 

The pressure  coefficients f o r  a large number of points an the  surface of 
the NACA 6S1-212 a i r f o i l   a t  an angle of attack of 4 O  were obtained from 
wind-tunnel data taken at the Ames laboratory for several  free-stream 
Mach numbers. The data are f o r  a section of a wing having aspect  ratio 
of 9 .  The surface  velocities, which  were used to  calculate  the flow 
field,  were calculated f o r  .a Mach  nuuiber of 0.2 for t h i s  report. The 
f low f i e l d s   a t  other Mach numbers  were not  calculated because other 
exploratory work has shown that  the  effect of the  compressibility of the 
a i r  on the  trajectories of the  droplets i ras  negligible. 

. .  . .  . I  . .  

The velocities in -the two-dimensional flm f ie ld  were calculated by 
distributing a sheet of vortices on the  airfoil  surface of such strength 
t h s t  the  velocities on the surface caused by  the  vortices were the same 
as  the  velocities  calculated w i t h  the  use of equation (Bl). The velocity 
a t  a point in a flow f i e ld  caused by an element of the  vortex  sheet of 
strength A r placed a distance . r from the  point is 

If an element of vortex  sheet of strength 

is placed on an increment aS of the a i r f o i l   a t  the ith position on 
the  airfoil   surface,  the velocity caused only by the ith section of the 
airfoil is 5. " 
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a at a point Fn the flaw field at  a dis+ance ri fran the ith section 
(fig.  n) * The locd. cnmponents of the perturbation  velocity,  at a point 
in   the flaw f ie ld ,  caused  by 300 vortex elements distributed on both the 
upper  and the lower surfaces of the a l r f o i l  

N 
E 

axe 

The horizon- and vert ical  components of the  local  velocity ux and 
uy, respectively,  are  obtained  by adding  cos a to uX,v and sin a 
to Uy,V'  

A t o t a l  of 300 vortex elements were used on the a i r f o i l  with  a much 
denser  distribution on the forward section  than beyond the  50-percent 

machines.  Approximitely 300 points were camputed in  the Plow f ie ld   ou t  
t o  L chord length ahead of the a i r f o i l  in the  region of interest  w i t h  
regard t o  comput5ng the  trajectories of droplets that strike the a i r f o i l .  
Between 1 chord length and 5 chord lengths ahead of the airfoil lead- 
edge, the  flow-field  velocity camponents were approximated by assuming 
that  the flow wBs caused by a  single  vortex  located on the   a i r fo i l  chord 
line 25 percent Inward from the  leading edge. 

.. point.  Equations (B2) were solved with the m e  of electronic  calculating 
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GRAPHICAL PROCEDURE FOR -TATION OF PRACTICAL 

FLIGHT CONDITIONS IdT ‘PERMS CXF DIMENS1OIJI;ESS 

P” 

A graphical procedure is presented t o  aid in the  interpretation of 
airplane speed, chord size,   al t i tude,  and droplet diameter into terms of 
the dimensionless  parameters K, $, and Reo used in this report. A 
solution of equation (2)  is presented i n  figure 12 fo r  two al t i tudes.  
For given  droplet diameters in microns and r a t io s  of the chord length 
i n  feet t o   t he   f l i gh t  speed in miles  per hour, the  reciprocal of the 
ine r t i a  parameter can be determined a t  altitudes of eithe=l0,000  or 
30,000 feet from figure 12. Altitude does not appreciably  affect  the 
value of 1/K, as can be noted frm either table .I or a comparison of 
values in  figure 12(a) with  those in figure 12(b). 

An a i r f o i l  with a 12-foot chord length at a f l i gh t  speed of 
400 miles per hour a t  an a l t i tude  of 30,000 feet  passing through a cloud 
composed of drople ts   a l l  of which are  17 microns in  diameter w i l l  be 
used as an example in the graphical procedure to   interpret   pract ical  
f l i g h t  units into term. of the dimensionless  parameters. The value of 
1 /K is obtained frm figure E ( b )  for the values of - = - = 0.0300 
and droplet dFameter of d 17. The value of 1 /K obtained frcsn 
figure 12(b) is 19.4.  I 

L 12 
u 400 

The free-stream Reynolds nmber  for  different  altFtudes may be 
obtained from figure 13. The product of the  droplet diameter in microns 
and the flight speed in miles per hour.must  be lmown. The Reynolds num- 
ber is a function of the a i r  density, which  depends on the  pressure and 
the  temperature at  the  altitudes  considered. The pressure used to   ca l -  
culate  the air density ms taken from tables of NACA standard  atmospheric 
pressure a t  various altitudes,  but  the  temperature was based on the most 

icing  temperature was obtained fram appraximstely 300 icing observations 
(reference 7)  and is  preserited in figure 14. For the example under con- 
sideration, the product. of ..the iFroplet. d iqn9tF .- .the .flight speed i~-  
(17) (400) 3: 6800. The value of Reo as obtained f r o m  figure 13 is 89. 

: probable  icing  temperature .at  various  altitudes. The most probable 

The scale parameter $r for various values of 1/K and Reo may 
be obtained from figure 15. For the example considered, -$ a 1732. 

The following  relations are presented  for uBe  when the &wee of 
accuracy  required is not  attainable with the  graphical  procedure. The 
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.a 

values  for  the  viscosity p should be obtained frcan figure 16; these 
values are based on the most probable icing temperature of figure 14. 

.. 

Reo = 4 .813X10'6 - 
!J 

d = 7.662Xl6 

P L  
= 2 .826X106 

P a  =I 0.0412 
ICa 

Wm = 0.329 E, TLW 

where 

a 

L 

P 

Ta 

U 

Wm 

W 

droplet  diameter, microns 

coac t ion   e f f i c i ency  (as given in f ig .  4) 

iner t ia  parameter,  dimensionless 

a i r f o i l  chord length, f t  

absolute  pressure, in. Eg 

free-stream Reynolds number w i t h  respect t o  droplet,  dimensionless 

maximum a i r f o i l  thiclmess, r a t i o  t o  chord length 

most probable  icing  temperature (fig. 14), R 

f l i gh t  speed, mph 

maximum r a t e  of water impingement, Ib/(hr)(f t  span) 

liquid-water  content ~n cloud, g/cu m 

viscosity,  slugs/(ft)  (sec) 

0 
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$ scale parameter,  dimensionless 

(The density of water was assumed t o  be 62.46 lb/cu f t  and the  accelera- 
t ion  due t o  gravity, 32.17 ft /secZ. ) 
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Figure 1. - Droplet t r a j e c t o r i e s  with reepect to a l r fo i l .  
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0 200 300 400 

Flight speed, mgh 

(a) Droplet size, 15 microns. 

Figure 3. - Rate of water impingement. HACA 651-212 a i r f o i l )  angle of 
attack, 4O; altitude, 20,000 feet. 
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Figure 4. - Collection efficiency 
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.2P 
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. oa 
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0 200 300 400 500 

F l i & t  speed, mph 

(a) ~ r o p l e t  size, E microns. 

F igure  7 .  - F-eEt point of impingement on &foil surfsce as function 
of airspeed. HACA 651-212 airfolll eagle of attack, 4 * ~  altitude, 
20,OOO feet. 
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.28 
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Pl ight  epeed, n@ 

(b) Droplet size ,  20 microns. 

Figure 7. - Concluded. Farthest point of fmgingement on airfoil sufface SB 
I 

function of airspeed. HACA 651-212 airfo i l ;  angle of attack, 4O; altitude, 
20,000 feet. 
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Distance on a i r f o i l  aurface, S, r a t l o  to chord l eng th  

(a)  Reciprocal of  Inertia parameter 1/K, 10. 

Figure 9. - Continued. Ratio of c o l l e c t i o n   e f f i c i e n c i e s  as function of 
airfoil surface diatance at conatant  reciprocal of inertia parameter. 
NACA 651-212 d i r f o i l j  angle of attack, 4'. 
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4 

37 

length 

(e) Reciprocal of Inertia parameter 1/R, 50. 
Figure 9. - Concluded. Ratio of aollection efficien- 

cies as function of a i r f o i l  surface distance at con- 
stant reciprocal of Inertia parameter. NACA 651-212 
airfoil3 angle of attack, 4 O .  
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Figure 11. - Coordinate 
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' N  

Flgwe 13. - Free-stream Reynolds rider as function of altitude. 
(Units of U . a r e  mph. 
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